F amyloid labeling compounds. The half-life of 11 C is approximately 20 min which makes this impractical for distribution to imaging centers from a centrally located production site. 11 C ligands therefore require an on-site cyclotron for ligand production thus limiting widespread clinical use of PIB. In contrast, the half-life of 18 F is roughly 2 h. This renders central production and distribution feasible and greatly heightens commercial interest in 18 F amyloid ligands. Accordingly, several 18 F compounds are now in various stages of the regulatory approval process including Amyvid™ ( 18 F Florbetapir, Avid/Lilly), Flutametamol (Ge Healthcare), 18 F Florbetaben (Piramal) and AZD-4694 (Navidea). Florbetapir is currently the only amyloid PeT ligand to have received approval for use by the FDA [27] . The specified indication for use was "to estimate beta-amyloid neuritic plaque density Abstract The devastating effects of the still incurable Alzheimer's disease (AD) project an ever increasing shadow of burden on the health care system and society in general. In this ominous context, amyloid (Aβ) imaging is considered by many of utmost importance for progress towards earlier AD diagnosis and for potential development of effective therapeutic interventions. Amyloid imaging positron emission tomography procedures offer the opportunity for accurate mapping and quantification of amyloid-Aβ neuroaggregate deposition in the living brain of AD patients. This review analyzes the perceived value of current Aβ imaging probes and their clinical utilization and, based on amyloid imaging results, offers a hypothesis on the effects of amyloid deposition on the biology of AD and its progression. It also analyzes lingering questions permeating the field of amyloid imaging on the apparent contradictions between imaging results and known neuropathology brain regional deposition of Aβ aggregates. As a result, the review also discusses literature evidence as to whether brain Aβ deposition is truly visualized and measured with these amyloid imaging agents, which would have significant implications in the understanding of the biological AD cascade and in the monitoring of therapeutic interventions with these surrogate Aβ markers.
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in adult patients with cognitive impairment who are being evaluated for Alzheimer's Disease and other causes of cognitive decline. A negative Amyvid scan indicates sparse to no neuritic plaques and is inconsistent with a neuropathological diagnosis of Alzheimer's Disease at the time of image acquisition; a negative scan result reduces the likelihood that a patient's cognitive impairment is due to Alzheimer's Disease. A positive Amyvid scan indicates moderate to frequent amyloid neuritic plaques [27] ." The FDA approval also included the following language on limitations of use: "A positive Amyvid scan does not establish a diagnosis of Alzheimer's Disease, or other cognitive disorder" [27] .
Relevant research studies can be considered in several categories: autopsy correlations, measurement accuracy and precision, cross-sectional clinical correlation, prediction of clinical outcomes, longitudinal studies, and correlations with other AD biomarkers.
Autopsy correlation
Imaging-autopsy correlation studies have documented a high correlation between PIB retention and beta-amyloid (Aβ pathology in autopsy specimens as assessed by immune assay or silver staining [5, 37, 64, 79, 92, 103] . Autopsy correlations with 18 F amyloid ligands have demonstrated similar amyloid plaque binding properties as PIB albeit with slightly less range separating normal from abnormal [16, 31] . There were some early suggestions that PIB bound to cored and neuritic plaques and not to diffuse plaques. However, terms like diffuse, dense, cored, and amorphous are not well defined and are not specific. The substrate for all currently known Aβ amyloid tracers is the tertiary beta-pleated sheet conformation of fibrillar amyloid [37] . Plaques with more fibrillar amyloid will have greater affinity for Aβ ligands than plaques with less. vascular amyloid, which tends to be fibrillar, also binds PIB [6, 11, 37, 51, 66, 114] . Aβ amyloid ligands are specific for Aβ amyloid; they do not bind to neurofibrillary tangles or other aggregated protein deposits [37] . PIB studies have been negative in pathologically confirmed prion disease [114] , pure alpha-synucleinopathy [11] , and pure tauopathy [22] .
Another source of confirmatory data is correlation with the other major biomarker of Aβ-cerebrospinal fluid (CSF) Aβ42. PIB binding correlates closely with low CSF Aβ42 in every publication in which this association has been investigated [28, 33, 48, 108, 116] .
Measurement accuracy and precision
Different methods have been used for quantitation of amyloid ligand binding. Greatest accuracy and precision may be achieved by long (90 min) dynamic acquisition methods with Logan DvR [67] or reference tissue models [109] .
However, 90-min acquisition times or arterial sampling for a reference function greatly diminishes general applicability of the technique. A more widely used approach is ligand injection followed 40-50 min later by a roughly 20-min imaging period when the tracer has reached steady state equilibrium. Test/retest precision estimates in the 5-7 % range have been published using this late uptake imaging approach [67, 73, 85] , and these have proven to be good substitutes for the longer dynamic methods. Precision over serial PIB imaging sessions within individual subjects demonstrates a measurement error (analogous to a coefficient of variation) for late uptake methods of around 3 %-very reasonable for longitudinal measurements [47] .
A point of significant interest in the field has been defining what constitutes an abnormal amyloid PeT study. Scans can be evaluated visually, but most research studies employ a quantitative approach in which tracer uptake in selected cortical regions of interest is measured and then scaled to a reference value. while the reference function can be an arterial sample, most often the reference function is the measured uptake in the cerebellum or pons-forming standardized uptake value ratio (SUvR) units. This is typically done in a fully automated way by spatially registering an anatomic template to the individual amyloid PeT scan (or vice versa) and extracting intensity values (representing tracer uptake) from selected regions of interest. Many in the field have coalesced around a SUvR value of 1.5 with PIB PeT as the threshold for abnormality in the context of defining values typically associated with the diagnosis of AD dementia [97] . Lower thresholds are often used in the context of defining the earliest quantitative evidence of amyloid deposition in cognitively normal individuals. However, SUvR values will vary as function of the PeT ligand and the image analysis method used. To address this problem quantifying amyloid PeT on a centiloid scale has been suggested as a common standard in which to report quantitative amyloid PeT values derived from different ligands and different processing methods. The centiloid concept has been adopted by an international work group [60] . To create a centiloid scale, amyloid PeT studies are performed in a group of typical AD patients to define the upper/abnormal end of the scale (centiloid value = 100), and in a group of young normal individuals to define the low/normal end of the scale (centiloid value = 0). Amyloid SUvR values are scaled linearly across this range anchored by the average values in these two groups. Thus, centiloid scaling is analogous to the scaling of all biomarkers on a common scale from minimum to maximum proposed in [43] .
Clinical correlations
Roughly 30 % of cognitively normal [1, 26, 35, 40, 41, 49, 56, 68, 74, 90, 91, 97, 98, 101, 113, 117] and 60 % of mild cognitive impairment (MCI) patients are amyloid PeT positive [32, 40, 41, 49, 61, 68, 83, 117] . These findings are consistent with autopsy studies which demonstrate similar percentages of cognitively normal elderly [10, 61, 62, 85, 86, 87] and MCI who meet pathological criteria for AD [50] . Roughly 85-90 % of clinically diagnosed AD dementia subjects are amyloid positive [26, 35, 40, 41, 49, 56, 68, 97, 98, 101, 113, 117] . It is widely assumed that amyloid-negative patients diagnosed as AD dementia have been given an etiologically incorrect clinical diagnosis [88, 89] . Also of note, the most important genetic risk factor for sporadic AD is the ε4 allele of the APOE gene and PIB binding correlates strongly with the presence of APOE ε4 in a dose-dependent manner [23, 79, 111] .
Cognitively normal elderly [13, 15, 78] and MCI subjects [15, 32, 41, 42, 49, 61, 83, 117] with positive amyloid PeT studies decline cognitively faster than those with negative studies. Amyloid-positive cognitively normal, MCI and AD subjects are more likely to have abnormal neurodegenerative biomarkers [29, 49] than amyloid-negative subjects. Rates of brain atrophy are more rapid in amyloid positive than negative cognitively normal and MCI subjects [14, 63] .
As initially predicted hypothetically [43] , several studies have now demonstrated empirically that amyloid PeT tracer accumulation reaches a plateau [4, 30, 45, 47, 112, 115] . The plateauing of amyloid deposition is seen in both sporadic [45, 47, 112, 115] and autosomal dominant AD [4, 30] . The estimated time from detectable levels of amyloid in vivo to levels at which amyloid accumulation plateaus is roughly 15-20 years. In studies that have measured rates of change of amyloid as a function of baseline SUvR [47, 112, 115] , rates of amyloid PeT tracer accumulation increase initially, reach a peak, and then decline to near zero-i.e., rates follow an inverted u-shape as a function of baseline SUvR. This results in a sigmoidalshaped plot of amyloid burden as a function of time. If one assumes that SUvR is a reasonable measure of the distance traveled along the amyloid pathway then the greater the SUvR, the closer a normally functioning person is to clinical symptoms. As would be expected then on average individuals with amyloid decline cognitively faster than those without. However, since the rate of change in amyloid accumulation declines at higher SUvRs, the rate of change in amyloid is not linearly related to the rate of cognitive decline.
Temporal ordering of AD biomarkers
Some of the data above may seem counterintuitive given that amyloid PeT directly measures one of the two hallmark proteinopathies that characterize AD. The facts that 30 % of elderly individuals who are cognitively normal have positive amyloid PeT studies and that rates of amyloid accumulation do not correlate well with the rate of change of clinical symptoms indicate a lack of direct correlation between amyloid deposition and cognitive impairment. This is explained by the concept that the disease is characterized by an ordering of pathophysiological events. Aβ dysregulation is an upstream process while neurodegeneration is a downstream process [34, 39] . This pathophysiology is mirrored by in vivo AD biomarkers which exhibit a time-dependent but overlapping temporal evolution [41, 43, 46, 77, 84] . The five most well-established biomarkers of AD can be divided into two major categories: the two biomarkers of brain Aβ deposition are amyloid PeT and CSF Aβ42. The second category is biomarkers of neurodegeneration where neurodegeneration is defined as progressive loss of neurons or their processes with a corresponding progressive impairment in neuronal function. The neurodegenerative biomarkers are increased levels of CSF total (t-tau) and phosphorylated (p-tau) tau [100] , hypometabolism on FDG PeT [20, 49] and atrophy on structural MRI [110] . FDG PeT and MRI follow a modality specific topology that is characteristic of AD.
The model of ordered biomarker evolution ( Fig. 1 ) posits that amyloid biomarkers become abnormal first, beginning while subjects are cognitively normal [43, 46] . CSF tau becomes abnormal next, followed by biomarkers of tau-related neurodegeneration (FDG PeT and atrophy on structural MRI) [43, 46] . Cognitive symptoms are directly related to neurodegeneration [99] and closely follow progression of neurodegenerative biomarkers. This model explains the lack of direct correlation between clinical symptoms and amyloid deposition and why amyloid load reaches a plateau while clinical symptoms are still evolving [43, 46] . Although perhaps confusing, we do not mean to imply that at a histological level, Aβ amyloid plaques precede neurofibrillary tangles in sporadic AD. In fact the opposite seems to be true in late onset AD. entorhinal and hippocampal neurofibrillary tangles are commonly found at autopsy in the absence of amyloid plaques in middle aged and older cognitively normal subjects [10, 86] . Our model ( Fig. 1 ) reflects the proposal that tauopathy and Abeta arise independently in sporadic AD [86] . But, that Aβ pathophysiology transforms and accelerates an antecedent subcortical tauopathy leading to neocortical spread of neurofibrillary tangles as was proposed by Price and Morris [80, 86] . Acceleration of the initial slowly developing subcortical tauopathy often occurs after Aβ biomarkers have become abnormal.
In addition to a temporal dissociation between clinical symptoms and amyloid there is a spatial dissociation between tau-related neurodegeneration and amyloid deposition (Fig. 2) . Tau pathology begins in the medial temporal lobe and spreads outward to heteromodal association cortical areas [9] . In contrast, amyloid deposition begins in neocortical association areas and typically does not greatly involve the hippocampus.
The data above emphasize that it is important to remember that amyloid PeT is a measure of Aβ amyloid deposition, not a stand-alone diagnostic test for AD dementia. This point has been made from the very beginning of amyloid imaging [58] and is included in the FDA use guidance for Amyvid™, but is (unfortunately) often over looked by critics of amyloid imaging who point out the lack of direct correlation between clinical symptoms and the presence of amyloid on PeT imaging-particularly in positive cognitively normal subjects.
Use of amyloid PeT in clinical diagnosis
The first widely accepted diagnostic criteria for Alzheimer's disease were formulated in 1984 [70] . In the McKhann criteria [71] AD was conceived as a clinical-pathological entity. Symptoms of AD dementia were assumed to accompany AD pathology and the absence of symptoms was assumed to accompany no AD pathology. AD was a clinical diagnosis, made after other potential causes of symptoms were excluded. The role of imaging, initially CT and then MRI, was to exclude structural abnormalities that could cause cognitive symptoms (like stroke or subdural hemorrhage). The McKhann criteria [71] stood for nearly a quarter of century until evolution in thinking about the disease led to updated criteria published in the past few years.
In 2007 (later updated in 2010), Dubois et al. [24, 25] published revised criteria for AD that for the first time incorporated AD biomarkers as supportive criteria. In 2011, three work groups were commissioned by the National Institute of Aging and the Alzheimer's Association (NIA-AA) to create criteria for the three recognized phases of AD-AD dementia [72] , MCI [2] , and new research criteria for preclinical AD [104] . Biomarkers were included in the criteria for all three phases of the disease [44] . In the clinically symptomatic phases (MCI and AD dementia) the role of biomarkers was to establish the etiology of the observed impairment, i.e., improve the specificity of clinical diagnosis. An amyloid PeT study may alter clinical management by changing medications, changing additional diagnostic tests which might be requested by a physician, and enabling patients and families to make difficult personal decisions with greater certainly about the prognosis.
Although some in the field believe that biomarkers of Aβ (amyloid PeT and CSF Aβ42) should be placed above the more non-specific biomarkers (esp. MRI atrophy and FDG hypometabolism), the NIA-AA criteria do not impose any hierarchal ranking of biomarkers [44] . The probability of dementia of MCI due to AD pathophysiology is increased if one class of AD biomarker is positive. And if both classes of biomarkers are positive, the probability that AD pathophysiology is the etiology of the impairment is further increased to the highest level. The criteria do not address the situation where biomarker test results conflict between the amyloid and neurodegenerative categories, nor do the criteria address the situation where conflicting results occur within a class (e.g., a positive amyloid PeT and a negative CSF Aβ42 results).
In preclinical AD, biomarkers are central since by definition, subjects do not have overt clinical symptoms. Preclinical AD was divided into three stages: stage 1, amyloid alone; stage 2, amyloid plus neurodegeneration; stage 3, amyloid plus neurodegeneration plus evidence of subtle cognitive impairment of insufficient magnitude to qualify for a diagnosis of MCI [104] . This staging scheme was based on the model of the temporal evolution of biomarkers outlined above [43] , where amyloid biomarkers become abnormal first, then biomarkers of neurodegeneration, and then clinical symptoms. with low-and high-risk borders. People who are at high risk of cognitive impairment due to Alzheimer's disease pathophysiology are shown with a cognitive impairment curve that is shifted to the left. By contrast, the cognitive impairment curve is shifted to the right in people with a protective genetic profile, high cognitive reserve, and the absence of comorbid pathological changes in the brain, showing that two patients with the same biomarker profile can have different cognitive outcomes. Aβ beta-amyloid, FDG fluorodeoxyglucose, MCI mild cognitive impairment. Reprinted from [46] Use of amyloid PeT in clinical trials Amyloid PeT has assumed a key role in modern clinical trials of anti-amyloid interventions. Amyloid PeT is used in two ways, as entry criteria and as outcome measure to assess target engagement. with experience the value of amyloid imaging at screening has become clear. Roughly 9 % of clinically diagnosed AD dementia subjects enrolled in recent trials who are APOE ε4 carriers have been amyloid negative, while this number has been a surprising 33 % in APOee4 non-carriers. In other words, roughly 1/3 of clinically diagnosed APOe ε4 non-carrier AD dementia subjects enrolled in anti-amyloid trials have not had the disease that was targeted by the therapeutic intervention. Therapeutic reduction in amyloid load over time has been demonstrated [94] -thus illustrating the ability of amyloid imaging to serve as an indicator of target engagement.
Summary
In summary, amyloid PeT imaging is sensitive and specific for fibrillar Aβ deposits and is feasible in both research and clinical settings. Longitudinal change in amyloid plaque load over time can be measured using standard clinically acceptable PeT methods. Amyloid PeT has become an indispensable component of clinical AD research in all phases of the disease. Amyloid PeT will be essential for clinical trials of anti-amyloid interventions, both as an inclusion criterion and as an indicator of therapeutic target engagement. density. Plaque deposition but not grey matter loss is seen in the prefrontal cortex while grey matter loss but not plaque deposition is seen in the medial and basal temporal lobes. Reprinted from [40] Neuropathological correlates of amyloid-specific PET imaging: open questions (Jorge R. Barrio, Vladimir Kepe)
The use of biomarkers for assessing evolution of Alzheimer's disease (AD), its diagnosis and monitoring of therapeutic approaches has significantly improved our understanding of the disease. The hypothetical model of Jack et al. [46] describing the sequential emergence and utilization of biomarkers with AD progression is a welcome addition to the interpretation of the disease cascade biology. The updated model-using in great measure data obtained under ADNI-identifies CSF Aβ42 and brain Aβ deposition, as determined with amyloid PeT, as very early events when the disease does not yet have clinical manifestation. with disease progression these events are sequentially followed by CSF tau increases, brain metabolic alterations as measured with FDG PeT and structural changes (e.g., atrophy) by MRI. Progressive cognitive impairment would appear driven by synaptic dysfunction, neuronal death and disconnection of neuronal circuits. That brain Aβ (and tau) deposition is part of the initial events of the evolutive progression of AD is of course not surprising. The Consortium to establish a Registry for Alzheimer's Disease (CeRAD) has recently revised neuropathological criteria for progression and diagnosis of AD (National Institutes of Aging-Alzheimer's Association, NIA-AA), that involve the regional localization of tau and Aβ neuroaggregates [36, 76] and requires determination of an "ABC" score of AD neuropathological change. These changes include (A)histopathologic assessments of β-amyloidosis in the medial temporal lobe structures, as described by Thal et al. [106, 107] ; (B)staging of neurofibrillary tangles (Braak tau pathology stages) [9] ; and (C) scoring of neuritic plaques (based on semi-quantitative determination of senile plaque densities (sparse, moderate, frequent) in at least five neocortical regions, which should always include the middle frontal gyrus, superior and middle temporal gyri, inferior parietal lobule, hippocampus, entorhinal cortex, and amygdala) [75] .
Deposition of Aβ-protein aggregates and development of tau neurofibrillary changes are thus important histopathological hallmarks of AD, together with neuronal loss and gliosis. Brain β-amyloidosis in particular have been characterized as progressive and following a hierarchical order of regional brain deposition, with substantial changes in the anatomical distribution pattern of different types of Aβ-deposits observed in the course of AD [9, 106, 107] . In the process of brain β-amyloidosis, a distinct developmental sequence is represented in four phases in which the medial temporal lobe inexorably becomes involved early, highlighting the importance of the entorhino-hippocampal pathways for the expansion of β-amyloidosis. In this sequence, from Thal medial temporal lobe amyloidosis Phase 1 to Phase 4, diffuse non-neuritic plaques are deposited first in the basal temporal neocortex, extending next to the internal entorhinal layers and in CA1 followed by emergence of Aβ-neuritic plaques in the basal temporal neocortex and the entorhinal region, and, later, in hippocampal regions including CA4. Once Aβ-deposition is initiated in the neocortical medial temporal lobe, it expands anterogradely into regions that receive neuronal projections from regions already exhibiting Aβ deposits. In Thal Aβ Phase 2, medial temporal lobe structures already present widespread accumulation of Aβ deposits while Aβ deposition in neocortex remains limited to a number of isolated areas. Figure 3 displays this sequence of events in medial temporal lobe in four phases, as described by Thal et al. [106, 107] and adopted by NIA-AA.
In Jack's model of disease progression, it appears clear that the direct CSF Aβ measurement has gained significant favor as one of the first indicators of abnormalities for possible AD, in part possibly because of its reliability and low cost. Amyloid PeT, however, has the benefit of avoiding the spinal tap, which may not be acceptable or recommended for some patients. Importantly, it also Fig. 3 Phases of Aβ deposition in medial temporal lobe structures during evolution of Alzheimer's disease. Phases as defined by Thal et al. [106, 107] and adopted by NIA-AA. OTG occipitotemporal gyrus, PHG parahippocampal gyrus, H hippocampus provides information about regional Aβ deposition load for all brain regions not available from CSF Aβ42 levels. Several investigators have also reported that the expected drop in CSF Aβ does not always foreshadow brain Aβ deposition based on amyloid PeT determinations in subjects with normal cognition, MCI, or AD, based on ADNI data. There appears to be support for the idea that CSF and amyloid PeT may measure different forms (yet undetermined) of the protein, so results of the two methods are not necessarily interchangeable (Amyloid Imaging meeting, Miami, 2013; on-line Book of Abstracts available at http://www.worldeventsforum.com/hai/xhtml-css/ past-programs/HAI_2013_ConferenceBook%20A.pdf).
It is always possible that the two methods (CSF Aβ and amyloid PeT) measure different forms of the protein, but there are other significant inconsistencies in the interpretation of amyloid PeT outcomes. This is particularly evident when imaging results are compared with Aβ aggregate brain distributions observed in independent neuropathological determinations at autopsy [9, 106, 107] . Obviously, the visualization, mapping and quantification of these deposits require a given PeT imaging probe for Aβ neuroaggregates to bind with high affinity to the protein target (Aβ aggregates) in the tissue and be sensitive and specific for these aggregates [74] . Similar to other tissue targets (e.g., neuroreceptors) it would be expected that these amyloid imaging agents would demonstrate the progressive presence of brain β-amyloidosis in the hierarchical order of brain regions with increase in deposition load expected from NIA-AA criteria [36, 76, 106, 107] . Therefore, if PeT signals provide faithful visualization and quantification of Aβ deposits in the brain, these signals should match the spatial distribution and densities of Aβ neuropathology obtained post mortem.
Cerebral amyloid PeT imaging in the medial temporal lobe
The first observation that can be made about amyloid-specific PeT imaging probes, either from the 6-hydroxybenzothiazole (e.g., 11 C PIB, fluoroPIB or flutemetamol) or transstilbene (e.g., florbetapir) structural families, is that they consistently produce images with an essentially immutable cortical pattern, that is their relative brain cortical profile suffers little change with AD progression. A typical positive amyloid PeT in AD includes high signal in most cortical areas, except in the isocortical medial temporal lobe. Are these results consistent with neuropathological data in AD included in the NIA-AA criteria?
In Thal et al. Phase 4, typical of AD (Fig. 3) and corresponding to Braak amyloid Stage C, high densities of Aβ plaques and diffuse Aβ are present in the inferior temporal gyrus (Brodmann area 20) and occipitotemporal gyrus (neocortical medial temporal lobe, Brodmann areas 35/36) which has been shown to exceed levels present in the frontal lobe or precuneus (Brodmann area 7) [3, 19] . This imaging profile of brain localization using amyloid PeT agents, with low accumulation in the inferior and medial regions of the temporal lobe in comparison with the frontal lobe, parietal lobe, precuneus, and lateral temporal lobe has been widely reported in the literature but has surprisingly received only limited scrutiny. This lack of sensitivity of these amyloid PeT agents for Aβ accumulation in the medial temporal lobe is significant since Aβ deposition in the medial temporal lobe is one of the earliest events in AD and one of the key in the neuropathological diagnostic criteria for the disease [106, 107] . These in vivo 11 C-PIB results are in stark contrast with in vitro determinations showing levels of hippocampal 3 H-PIB binding to be higher than those of other brain cortices known to have high 11 C-PIB PeT signal retention [82] . There are certainly topographical differences in the distribution of Aβ within the medial temporal lobe, with lower densities in limbic areas such as the hippocampus and subiculum, where tau pathology is prevalent [3, 21] , but prominent medial temporal lobe areas (such as the occipitotemporal gyrus and the parahippocampal gyrus) have Aβ plaque densities (both diffuse and neuritic) similar to those observed in the lateral temporal lobe and other cortical areas (Fig. 4) [86, 107] .
Cortical atrophy may be a contributing factor for the low imaging signals but partial volume effects may lead to underestimation of PeT signals in all cortical areas, not only in the medial temporal lobe, particularly in severe dementia. This observation is present at all levels of cognitive impairment, however. For this reason, and also based on results with other imaging agents, it cannot be reasonably expected that binding of these imaging probes would only be affected by partial volume effect in the medial temporal lobe as reported earlier [102] .
Does cerebral amyloid PeT imaging reflect amyloid burden?
Another related element resulting from amyloid PeT data that is in questionable agreement with known and reported post mortem data refers to the neuropathological accumulation in earlier stages of dementia ( Fig. 3; e.g., Thal et al., Phase 2). In these subjects cortical accumulation of amyloid imaging agents has been reported to have a bi-modal character that resembles the typical profile observed in either AD patients ("positive scan") or controls ("negative scan") [74] . It is understood that this may be overly simplistic considering the heterogeneity of MCI groups, yet the known neuropathological Aβ profiles that are defined by the NIA/AA diagnosis criteria (Fig. 3) [9, 75, 76, 106, 107] demonstrate that in Thal Aβ phase 2, Aβ deposition in these subjects is largely confined to the medial temporal lobe and a limited number of neocortical brain regions, with several cortical brain regions still free of Aβ [106, 107] .
This uncertain representation of Aβ neuropathology by amyloid PeT agents begs another question: why would approximately 30 % of cognitively normal control subjects, based on amyloid PeT, have been reported to have an Aβ load comparable with that found in AD patients? Is there strong independent support for this critical finding? even though Aβ may be unquestionably present in the brain of normal controls based on neuropathological determinations, the literature does not display autopsy findings describing Aβ brain deposition in such a large number of control subjects at levels reportedly found in AD, that is engulfing the whole brain. For example, in a recent review of large clinic-pathological correlation studies by Nelson et al. [81] the authors concluded that "it is extraordinarily rare for a case with widespread, dense AD-type neocortical lesions to lack documented ante mortem cognitive decline". Confirmatory of these results in a context of a chronic traumatic encephalopathy study involving 85 brain donors, McKee et al. [70] recently analyzed the brains of 18 cognitively intact subjects (mean age 69.7 ± 8.1 years). Of them, three control subjects were reported to have only 'small amounts of Aβ deposition as diffuse, neuritic plaques or vascular amyloid'. The authors found no evidence of generalized amyloidosis in any of these control subjects.
Studies describing ante mortem negative amyloid PeT results in clinically diagnosed AD subjects with positive post mortem evidence of pathology deposition can also be found in the literature [12, 38, 93] . However, in the same detailed and comprehensive review, Nelson et al. [81] describe that "with some notable exceptions (e.g., elderly schizophrenia patients, substance abusers, systemic disease), no significant subset of patients with severe ageassociated cognitive decline exists that lacks any pathologic substrate when modern methods (i.e., immunohistochemistry) are used in the neuropathologic examination." Since some of these contradictory studies involve subjects with specific mutations (e.g., e693G substitution in the APP gene, "Arctic mutation" or APParc; "Osaka mutation" e693), these negative imaging results have been attributed in multiple publications to different "conformations" of Aβ deposits affecting the binding patterns of the amyloid imaging probes, but structural binding evidence in support of this assertion is lacking [93] . Similar inconsistent imaging results have been earlier reported with amyloid imaging in transgenic mice with large cortical amyloid deposition [59] . The Table summarizes reports in which amyloid PeT probes have been correlated with neuropathology at biopsy [64, 65, 95, 118, 119] or autopsy in AD [12, 16, 17, 38, 54] , dementia with Lewy bodies [38, 55] , Parkinson's disease with dementia [11] and sporadic Creutzfeldt-Jakob disease [114] , with variable interpretations as to the Aβ tertiary form purportedly responsible for the imaging PeT probe signal. It is most often claimed that amyloid PeT agents bind strongly to fibrillar Aβ, but in a recent correlative study, agreement of amyloid PeT results with Aβ neuropathology (CeRAD neuritic plaques) was reported as limited in demented older adults [103] . Most specifically, it was described that in "individuals with either intermediate or localized elevation of Aβ levels in vivo, variable agreement with diagnostic neuropathologic assessment was observed, even after applying several thresholds for positive scans (PiB +) and accounting for cerebral amyloid angiopathy (CAA)" [103] . Other studies also dispute the invoked specificity of amyloid imaging for fibrillar amyloid (Table 1) . These reports claim that imaging results are in agreement with both fibrillar and diffuse Aβ plaques [54] or mainly with diffuse plaques, as reported with a Lewy body dementia patient [51] . Moreover, the in vivo affinity of amyloid PeT probes for the Aβ42 and Aβ40 isoforms appears also controversial when Aβ42-and Aβ40-immunoreactive plaques were found to correlate with PIB binding in amyloid-positive scans but not in amyloid-negative scans [38] .
Monitoring changes in β-amyloid load in AD patients in anti-β-amyloid treatment clinical trials with amyloid biomarkers has been proposed [8] but its application appears limited to the clinical trial with the humanized monoclonal antibody bapineuzumab [94] . In this study, the bapineuzumab-treated group of AD patients was reported to have a 24 % lower cortical 11 C-PIB PeT retention than the placebo treated group of AD patients. However, post mortem follow-up of three bapineuzumab-treated AD patients participating in another trial has shown no difference in the load of cortical β-amyloid pathology in autopsy specimens when compared with the pathology loads found in nontreated AD patients [96] .
In summary, reported literature evidence raises doubt about amyloid PeT imaging as representative of Aβ loads in the living human brain. whereas the host of apparent contradictions with these amyloid PeT probes may explain the difficulty in interpreting these images and the multiple restrictions imposed on their utilization in clinical practice [53] at issue is not only the utility of these imaging agents, however, but also the interpretation of their brain imaging signals as predictable and consistent markers of Aβ brain deposition. It has been argued [103] that potential factors that affect the reported relationship between in vivo amyloid imaging and CeRAD-based neuropathological assessments may be methodological based on (a) CeRAD's semi-quantitative assessment of Aβ, (b) the presence of different forms of Aβ, and (c) imaging-pathologic assessment intervals. Unquestionably, these factors may be present in some cases, but there is also evidence that these amyloid PeT agents are sensitive to other tissue targets in the living brain of animals (e.g., estrogen sulfotransferase; SULT1e1) [18] and humans (e.g., undetermined non-Aβ tumor and stroke targets, as well as myelin) [7, 52, 57, 69, 105] , which adds questions about their purported specificity for brain Aβ aggregation. All these data combined suggest that alternative interpretation of amyloid PeT brain signals needs to be considered for AD, that is, the possibility that other tissue targets may contribute, totally or partially, to the PeT brain signals. Understanding the significance of these non-Aβ tissue targets would undoubtedly increase our understanding of the pathophysiology of the disease and help define more precisely the biological disease cascade.
